Background
==========

Leber\'s congenital amaurosis (LCA) comprises a heterogeneous group of retinal dystrophies. It is characterized by severe visual loss from birth, nystagmus, poor pupillary reflexes, retinal pigmentary or atrophic changes, and markedly diminished electroretinography (ERG) responses \[[@B1]-[@B3]\]. Mutations in Rpe65, a gene that is predominantly expressed in retinal pigment epithelial (RPE) cells, cause about 10--15% of all LCA cases \[[@B4]-[@B6]\]. RPE65 is abundantly expressed in RPE cells, where it is involved in regenerating the visual pigment chromophore,11-*cis*retinal, from all-*trans*retinol, the latter being a product of photoreceptor phototransduction \[[@B7]-[@B9]\]. This recycling process, known as the visual cycle, is central to vision as 11-*cis*retinal is used by the photoreceptors to convert light photons into neuronal signals \[[@B8],[@B9]\].

*In vivo*analyses, using the spontaneous-mutation RPE65 dog and *Rpe65*^-/-^mouse models of LCA, have shown that loss of RPE65 leads to severely depressed electroretinography (ERG) responses \[[@B7],[@B10]-[@B14]\] and behavioral impairments indicative of diminished vision \[[@B15],[@B16]\]. In addition, morphological studies have shown that the lack of RPE65 is associated with a gradual degeneration of the photoreceptor cells and a characteristic accumulation of lipid inclusion bodies in the RPE cells, the latter from an over accumulation of intermediary visual cycle pigments such as retinyl esters \[[@B7],[@B17]\].

The animal models of LCA not only provide an insight into the nature of the associated disease, but have also been used to test potential therapies for its treatment \[[@B16],[@B18]-[@B23]\]. A number of recent studies, using both the RPE65 dog and *Rpe65*^-/-^mouse models, have demonstrated that there is some promise for a future treatment of LCA being developed. Assessment of both RPE transplantation and oral/intraperitoneal administration of 9-*cis*retinal in the *Rpe65*^-/-^mouse have both shown that improved ERG responses can be produced \[[@B18]-[@B20]\]. In addition, it is well established that the subretinal delivery and expression of normal, non-mutated RPE65 in the RPE cells of RPE65 dogs results in functional recovery of vision, as seen by improvements in both ERG and behavioral responses, the latter indicative of the presence of limited vision \[[@B16],[@B21]-[@B23]\]. The functional recovery produced in the RPE65 dog model was generated by using recombinant adenoassociated virus (rAAV) to deliver and express normal, non-mutated RPE65 cDNA \[[@B16],[@B22],[@B23]\]. The use of rAAV-mediated gene therapy has attracted much interest as it demonstrated a number of characteristics that may be beneficial in a clinical setting. These include a low immune response; long-term transgene expression providing minimal surgical intervention; and localized, specific transgene expression which minimizes the potential of unwanted, systemic side effects.

We wished to further examine the suitability of rAAV-mediated gene therapy for treating LCA. In this study, we used the high turnover, and rapid breeding and maturation time of mice to assess the efficacy of using rAAV-mediated gene therapy to replace the missing RPE65 gene in the *Rpe65*^-/-^knockout strain. The potential for rAAV-mediated gene treatment of LCA was then analyzed by determining the pattern of RPE65 expression and the physiological and histological effects that it produced.

Methods
=======

Virus preparation
-----------------

The *EcoRI/KpnI*fragment of mouse RPE65 cDNA (GenBank Accession Number: NM_029987) was inserted into the pCI mammalian expression vector (Promega Corp., WI, USA) to produce a pCI.RPE65 subclone. A 3800 bp cassette, consisting of the RPE65 cDNA flanked by a 5\' human cytomegalovirus (CMV) promoter and a 3\' SV40 late polyadenylation signal sequence, was removed from pCI.RPE65 by *BglII/BspHI*restriction enzyme digest. This cassette was then inserted between the inverted terminal repeats of the serotype 2 rAAV plasmid pSSV9 \[[@B24]\]. The insertion was achieved by blunt end ligation of the 3800 bp CMV.RPE65 cassette with the large fragment of pSSV9 following *XbaI*digestion \[[@B24]\]. The identity of the pSSV9.CMV.RPE65 vector was confirmed by restriction enzyme analysis. The expression of RPE65 protein from pSSV9.CMV.RPE65 was confirmed by western blot analysis of pSSV9.CMV.RPE65-transfected, human embryonic kidney (HEK) 293 cells using a rabbit anti-RPE65 polyclonal antibody \[[@B25]\].

pSSV9.CMV.RPE65, AAV helper (Ad8) and adenovirus helper plasmid DNA were co-transfected into HEK293 cells. The excision and replication of the resultant rAAV.RPE65 DNA was verified by Hirt analysis \[[@B26]\]. Upon successful verification, cesium chloride gradient purified pSSV9.CMV.RPE65 DNA was either co-transfected with Ad8 and adenovirus helper plasmid DNA into HEK293 cells and the resulting virus (rAAV.RPE65) purified by cesium chloride gradient density as previously described \[[@B24]\], or was sent to the Vector Core Facility (University of North Carolina, NC, USA) for large-scale virus production, where the virus (rAAV.RPE65.1) was purified using iodixanol gradient followed by heparin-affinity chromatography according to published methods \[[@B27]\]. The titers of rAAV.RPE65 and rAAV.RPE65.1 were both 6 × 10^13^particles/ml.

Animals
-------

All procedures were approved by the University of Western Australia Animal Experimentation Ethics Committee and were in compliance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. Mice were housed in cages in rooms maintained at constant temperature (22°C) and humidity (50%) and with a 12:12 hr light-dark cycle. Food (Glen Forest Rodent Chow, Australia) and water were given *ad libitum*.

Subretinal injection of *Rpe65*^-/-^mice
----------------------------------------

*Rpe65*^-/-^mice were anesthetized by intraperitoneal injection of ketamine (30 mg/kg) and xylazine (8 mg/kg), and their pupils dilated with topical application of a mixture containing 2.5% phenylephrine hydrochloride and 1% tropicamide (Alcon, Australia). The conjunctiva was cut and the sclera exposed. A shelving puncture of the sclera was made with a 30-gauge needle. A 32-gauge needle attached to a 5 μl Hamilton syringe was passed tangentially through the site of the sclera puncture under an operating microscope. A 1 μl solution containing 6 × 10^10^particles of rAAV.RPE65 or rAAV.RPE65.1 was then delivered into the subretinal space of the mouse eye, the diameter of which is about 3.5 mm. Successful delivery of virus into the subretinal space was confirmed by the presence of a 1 to 1.3 mm diameter circular bleb when examined by indirect ophthalmoscopy (approximately 30% of the retinal area). The needle was kept in the subretinal space for 1 min, and then withdrawn gently. Finally, a layer of antibiotic ointment was applied to the injected eye. Additional *Rpe65*^-/-^mice were injected with 1 μl of the control construct rAAV.GFP. All mice used in this study were injected upon reaching maturity, at 3 weeks of age.

Electroretinography
-------------------

rAAV.RPE65-injected and uninjected *Rpe65*^-/-^mice were analyzed by electroretinography (ERG) at 1--2 mo (n = 15 rAAV.RPE65-injected, n = 10 uninjected), 7 mo (n = 12 rAAV.RPE65-injected, n = 4 uninjected) and 11 mo (n = 12 rAAV.RPE65-injected, n = 6 uninjected) post-injection. Following dark-adaptation of the mice, full-field scotopic flash ERGs were recorded. The mice were anesthetized as described earlier and maintained at 37°C with a homeothermic electric blanket. Their pupils were dilated with 0.5% tropicamide (Alcon) and the cornea was protected with carmellose sodium (Celluvisc, Allergan, Australia). The ERG was recorded between a platinum electrode touching the cornea and a reference electrode in the pinna. A ground electrode was attached to the mouse\'s back. The flash stimulus was presented by a xenon strobe light placed 0.3 m in front of the mouse. Four consecutive responses were amplified and averaged using a MacLab/2e bioamplifier/data recorder running \"Scope\" software (ADInstruments, NSW, Australia). The interstimulus interval was increased from 30 sec (dimmest flash) to 5 min (brightest flash). Stimulus-response characteristics were generated by attenuating the maximum flash intensity (1.52 log cd s/m^2^) with neutral density filters over a range of 3 log units. After the final scotopic recording, the animals were light adapted for 10 min using a background light of 1.4 log cd/m^2^and photopic ERGs obtained. The a-wave amplitude was measured from the baseline to the trough of the a-wave response and the b-wave amplitude was measured from the trough of the a-wave to the peak of the b-wave. Data were expressed as the mean wave amplitude ± standard error of the mean (SEM; μVolts). Two-way repeated measures analysis of variance (ANOVA) was performed on log transformed data to compare the responses from the rAAV.RPE65-injected and uninjected *Rpe65*^-/-^retinas. A *post-hoc*Bonferroni test was used to isolate significant differences (P \< 0.05) between rAAV.RPE65-injected and uninjected *Rpe65*^-/-^mice responses at each stimulus intensity. All mice were subjected to the same conditions for ERG measurements.

Histological analysis
---------------------

rAAV.RPE65-injected, age-matched uninjected *Rpe65*^-/-^mice and age-matched control C57BL/6J mice were euthanased at various time points post-injection, and their eyes enucleated and fixed in 10% neutral buffered formalin for 2.5 hr. The eyes were then washed in PBS before being placed in 70% ethanol and embedded in paraffin, with care being taken to orientate the eyes so that the injection site was at a known and consistent location. Serial sections (5 μm) were cut on a Reichert-Jung 2040 microtome (Leica Microsytems, Australia), mounted on silanated glass slides, deparaffinized and rehydrated. All analyses that were performed using these eyes were carried out on sections from the region corresponding to the injection site.

For histological analysis and quantification, the sections were stained with hematoxylin and eosin, and the number of photoreceptor cells counted. Average cell numbers for each retina were established by counting the number of cells in a 100 μm section of the outer nuclear layer (using an eyepiece graticule and viewing the stained section with a 100X oil-immersion lens). Digital images of the outer nuclear layer of each section were recorded. Between three and five 100 μm regions within the subretinal bleb from each section were selected for counting. Care was taken to avoid the outer quarter to third of the retina where the retinal layers became thinner. Counts were made every 30--50 sections (150--250 μm) such that 15--20 counts were made per eye. The mean of these counts was then calculated to give an average number of photoreceptors per 100 μm for each eye. The counting was performed by 3 independent observers who were not given the identity of the samples.

Immunohistochemical analysis
----------------------------

Serial sections from rAAV.RPE65-injected and uninjected *Rpe65*^-/-^eyes were rehydrated through graded alcohols, and then bleached by incubation in 0.25% potassium permanganate for 20 min followed by 1% oxalic acid for 5 min \[[@B28]\]. The sections were rinsed several times in Tris buffer (50 mM, pH 7.2) containing 1% NaCl, then blocked in 10% normal goat serum for 1 hr. The sections were incubated at 4°C overnight with a rabbit anti-RPE65 antibody \[[@B25]\], rinsed three times in Tris buffer and then incubated for 2 hr at room temperature with alkaline phosphatase-conjugated, goat anti-rabbit IgG (1:100, Gibco Invitrogen, CA, USA). Immunodetection was carried out using SIGMA FAST Red TR/Naphthol AS-MX (Sigma Chemical Co., MO, USA) chromogen for 10--15 min, resulting in the formation of a red/pink precipitate. The sections were counterstained lightly with Meyer\'s hematoxylin and mounted in an aqueous mounting medium for analysis.

For flatmount immunohistochemistry, eyes were enucleated and the injection site was marked with indelible ink and then fixed whole for 30 min in 4% paraformaldehyde. The anterior segment of each eye was removed and the neuroretina separated from the sclera-choroid-RPE layers. The separated layers were placed in separate wells of a 96-well plate and blocked with 10% normal rabbit serum at room temperature for 1 hr. The layers were then incubated overnight at 4°C with primary antibodies, rabbit anti-RPE65 antibody and rabbit anti-short wavelength cone (SWC) opsin antibody, washed with Tris-buffered saline (TBS) and incubated for 2 hr at 4°C with goat anti-rabbit IgG conjugated with FITC (fluorescein isothiocyanate; Sigma Chemical Co.). After 3 washes in TBS, radial cuts were made to the neuroretina and the sclera-choroid-RPE layers which were mounted separately on slides with GVA mounting solution (Zymed, CA, USA) and coverslipped prior to examination. Areas within the injection subretinal bleb in rAAV.RPE65-injected *Rpe65*^-/-^mice or the equivalent location in C57BL/6J and uninjected *Rpe65*^-/-^mice were examined by fluorescence microscopy. The number of SWC opsin-positive photoreceptors was counted in five 100 μm^2^areas within the subretinal bleb and the results analyzed and graphed.

Apoptosis detection assay and analysis
--------------------------------------

rAAV.RPE65-injected (n = 2), age-matched uninjected (n = 2) *Rpe65*^-/-^, and age-matched C57BL/6J control mice were euthanased at 7 mo post-injection (8 mo of age) and their eyes enucleated, processed and sectioned as described previously. An Apoptosis detection assay was performed on these sections using the Dead End™ Colorimetric TUNEL Systems (Promega Corp.). The assay was performed as described in the manufacturer\'s instructions. When complete, the sections were counterstained with 0.5% methyl green for 10 min, briefly washed in water then 1-butanol, dehydrated with xylene, and mounted with DePeX mounting medium (BDH Laboratory Supplies, England, UK). Images of the outer nuclear layer were captured with an Olympus DP-7 digital camera (Olympus, NY, USA) mounted on a light microscope (Olympus BX60) using a 100X oil immersion lens. The relative level of apoptosis was then determined by expressing the number of TUNEL-positive nuclei as a percentage of the total nuclei over a 60 μm region of the retina. Three to five 60 μm regions were counted from each section, depending on the size of section, with care being taken to avoid the outer, thinning quarter of the retinas.

Electron microscopy of the RPE layer of injected *Rpe65*^-/-^mice
-----------------------------------------------------------------

rAAV.RPE65-injected and uninjected eyes from *Rpe65*^-/-^mice at 20 mo post-injection (21 mo of age) were first perfused with fixative (2.5% glutaraldehyde in cacodylate buffer, pH 7.4), then enucleated and fixed for a further 24 hr in fixative at 4°C. Following careful removal of the cornea and lens, the tissues covering the injection site and outside the injection site were trimmed into 1 mm^3^blocks and re-immersed into fresh fixative for a further 24 hr at 4°C. After post-fixing in 1% osmium tetroxide, the tissues were processed for transmission electron microscopy (TEM) by conventional methods and embedded in Araldite. Semi-thin sections (1 μm) were stained with 0.5% toluidine blue in 5% borax and examined with a light microscope. After selecting the areas of interest, the blocks were trimmed under a dissecting microscope. Ultra-thin sections (70 nm) were then prepared on an ultramicrotome (LKB Nova, Sweden), stained with Reynolds lead citrate and examined in a Philips 410LS Transmission Electron Microscope at an accelerating voltage of 80 kV.

Results
=======

rAAV-mediated gene delivery to the *Rpe65*^-/-^mouse retina
-----------------------------------------------------------

The presence of RPE65 expression following subretinal injection of rAAV.RPE65 and rAAV.RPE65.1 was monitored by immunohistochemistry using a rabbit anti-RPE65 antibody. The efficiency and specificity of the RPE65 antibody was confirmed using retinal sections from C57BL/6J and uninjected *Rpe65*^-/-^mice. RPE65 immunoreactivity was readily detectable in the cytoplasm of RPE cells in C57BL/6J mice (data not shown), but was completely absent from those of uninjected *Rpe65*^-/-^mice (Fig. [1B](#F1){ref-type="fig"}). No RPE65 immunoreactivity was seen in the photoreceptor layers of either C57BL/6J or uninjected *Rpe65*^-/-^mouse retinas.

![**RPE65-positive immunohistochemical labelling in the retinas of *Rpe65*^-/-^mice after injection with rAAV.RPE65**Labeling in the retinal pigment epithelium is seen at 7 mo post-injection **(A)**. The signal continues for some distance (more than 600 μm) away from the injection site. This labeling is not seen in the uninjected, age-matched control *Rpe65*^-/-^mouse (**B**). At 11 mo post-injection positive labeling is seen both close to (**C**), and more distant from (400 μm, **D**), the injection site (**C**) although the signal is more discrete. This pattern of labeling near to **(E)**and distant from (\>300 μm, **F**) the injection site persists at 18 mo post-injection (**E**, **F**). Scale bar: **A**= 100 μm; **B-F**= 50 μm. Small arrows point to positively labeled cells, large arrows point to injection site.](1479-0556-2-3-1){#F1}

In a preliminary study, *Rpe65*^-/-^mice were injected with either rAAV.RPE65 or rAAV.RPE65.1. Analysis of RPE/choroid and retina flatmounts of rAAV.RPE65-injected *Rpe65*^-/-^mice showed that the area of RPE65 expression covered approximately 30% of the surface of the RPE/choroid flatmounts (corresponding to the size of the bleb created) with no RPE65 expression present in the flatmounted neuroretina. The RPE65 expression appeared contiguous within the injection area, although some small, scattered areas with no signal were seen (data not shown). In contrast, in rAAV-RPE65.1-injected *Rpe65*^-/-^mice, RPE65 expression was not only present in the RPE/choroid flatmounts (again in an area of approximately 30% of the retina), but was also present in the neuroretina flatmounts where more RPE65-immunostained cells were detected. The RPE65 expression in both the RPE/choroids and neuroretina flatmounts of the rAAV-RPE65.1 injected eyes was weaker, and appeared more dispersed, probably due to the fewer number of cells transduced when compared to rAAV.RPE65-injected RPE/choroids flatmounts (data not shown). On the basis that rAAV.RPE65 was more efficient in transducing RPE cells,, and in order to target transduction of RPE cells only, subsequent studies were conducted using rAAV.RPE65.

A histological analysis of RPE65 immunoreactivity in the rAAV.RPE65-injected mice over time demonstrated that strong RPE65 positive RPE cells were visible from the injection site to up to 300--600 μm away, but still within the bleb created, at 1--2 mo (data not shown), 7 mo (Fig. [1A](#F1){ref-type="fig"}), 11 mo (Fig. [1C](#F1){ref-type="fig"} and [1D](#F1){ref-type="fig"}) and 18 mo (Fig. [1E](#F1){ref-type="fig"} and [1F](#F1){ref-type="fig"}) post-injection. However, the extent of RPE65 expression appeared to decrease at the latest time point. No RPE65 immunoreactivity was seen in either uninjected, age-matched control *Rpe65*^-/-^mice, or *Rpe65*^-/-^mice injected with the control rAAV.GFP construct (data not shown). There was no evidence of infiltrating immune cells in any of the eyes examined.

Electroretinography
-------------------

ERG analysis of *Rpe65*^-/-^mice showed an improvement in the response of rAAV.RPE65-injected animals compared with uninjected, age-matched controls. A comparison of scotopic and photopic ERG responses from injected and uninjected mice is presented in Fig. [2](#F2){ref-type="fig"}. At 1--2 mo post-rAAV.RPE65 injection, an increase in the ERG b-wave amplitude was apparent (Fig. [2A](#F2){ref-type="fig"} and [2B](#F2){ref-type="fig"}, upper trace). A two-way repeated measures ANOVA of the stimulus-response characteristics (Fig. [3](#F3){ref-type="fig"}) demonstrated a significant (*P*\< 0.001) difference in the scotopic b-wave amplitude between the control and rAAV.RPE65-injected mice. *Post-hoc*Bonferroni tests revealed a significant (*P*\< 0.005) increase of the scotopic b-wave at all flash intensities above -0.9 log neutral density units (Fig. [3B](#F3){ref-type="fig"}). There was also a significant interaction between stimulus intensity and rAAV.RPE65-injection in the photopic b-wave amplitude (*P*\< 0.05). The *post-hoc*Bonferroni tests also revealed a significant (*P*\< 0.05) increase of the photopic b-wave at the brightest flash intensities (Fig. [3B](#F3){ref-type="fig"}). No statistically significant improvement in a-wave amplitude was seen at this time point (Fig. [3A](#F3){ref-type="fig"}, *P*\> 0.05). At 7 mo and 11 mo post-injection, no differences were found in the ERG a-wave (Fig. [2B](#F2){ref-type="fig"} and [2C](#F2){ref-type="fig"}) or b-wave amplitudes (Fig. [2B,2C](#F2){ref-type="fig"}, [3C](#F3){ref-type="fig"} and [3D](#F3){ref-type="fig"}) recorded from rAAV.RPE65-injected mouse eyes when compared with responses recorded from uninjected, age-matched controls under either scotopic or photopic conditions. Additional rAAV.GFP-injected *Rpe65*^-/-^control mice showed ERG signals equivalent to those of uninjected controls (data not shown).

![**Representative ERG responses recorded from rAAV.RPE65 injected and uninjected *Rpe65*^-/-^miceover time***Rpe65*^-/-^mice at 1--2 mo **(A)**, 7 mo **(B)**and 11 mo **(C)**post-injection. Each panel shows representative responses from rAAV.RPE65-injected (upper traces) and age-matched, uninjected control (lower traces) mice recorded under scotopic (left panels) or photopic (right panels) conditions.](1479-0556-2-3-2){#F2}

![**Intensity response characteristics of scotopic and photopic ERG**Intensity response characteristics of scotopic (left panel) and photopic (right panel) ERGs recorded from rAAV.RPE65 injected (o) and age-matched, uninjected control (•) *Rpe65*^-/-^mice. Intensity response characteristics of the ERG a-waves **(A)**and b-waves **(B)**at 1--2 mo post-injection (n = 15 rAAV.RPE65 injected, n = 10 uninjected). Intensity response characteristics of the ERG b-waves at 7 mo (**C**, n = 12 rAAV.RPE65-injected, n = 4 uninjected) and 11 mo (**D**, n = 12 rAAV.RPE65 injected, n = 6 uninjected) post-injection. Data are mean values ± SEM. \* = *P*\< 0.05.](1479-0556-2-3-3){#F3}

Morphological effects of rAAV.RPE65 injection in *Rpe65*^-/-^mouse retinas
--------------------------------------------------------------------------

Histological analysis of the retinas of uninjected *Rpe65*^-/-^mice showed a slow, progressive degeneration of photoreceptors. In brief, at the early age of 1--2 mo, the retinas of uninjected *Rpe65*^-/-^mice appeared normal, except for the less organized appearance of the photoreceptor outer segments (Fig. [4A](#F4){ref-type="fig"}). The outer nuclear layer of uninjected *Rpe65*^-/-^mice aged 6--12 mo were visibly thinner and the outer segments appeared highly disorganized when compared to age-matched C57BL/6J controls. At 12 mo and older (Fig. [4B](#F4){ref-type="fig"}), the difference in the outer nuclear layer thickness was very significant when compared to age-matched C57BL/6J mice (Fig. [4C](#F4){ref-type="fig"}) and by 21 mo of age, the outer nuclear layer was completely absent (data not shown). The morphologic difference was quantified by counting the number of photoreceptor nuclei in the eyes of uninjected *Rpe65*^-/-^mice at 2, 5, 7, 11, 17 and 24 mo post-injection and comparing them to those of age-matched C57BL/6J mice. A statistically significant decrease (*P*\< 0.05, Student\'s t-test) in photoreceptor number was obtained for uninjected *Rpe65*^-/-^mice older than 3 mo (Fig. [4D](#F4){ref-type="fig"}), reflecting the progressive loss of photoreceptor cells in these mice. Subsequent comparison of rAAV.RPE65-injected with age-matched, uninjected control *Rpe65*^-/-^mice indicated that no statistically significant difference in the number of photoreceptors around the injection site was seen at any of the time points (Fig. [4D](#F4){ref-type="fig"}; *P*\> 0.05, Student\'s t-test), suggesting that there was no photoreceptor rescue or slow down in photoreceptor loss following rAAV.RPE65 injection. The lack of photoreceptor rescue was reflected by the lack of difference in the number of apoptotic cells in rAAV.RPE65-injected eyes of *Rpe65*^-/-^mice (Fig. [5A](#F5){ref-type="fig"}) when compared to the contralateral uninjected eyes (Fig. [5B](#F5){ref-type="fig"}). At 7 mo post-injection (8 mo of age), the number of apoptotic cells in both the uninjected and rAAV.RPE65-injected *Rpe65*^-/-^appeared higher than those in age-matched C57BL/6J controls (Fig. [5C](#F5){ref-type="fig"}). Analysis of the 60 μm regions of uninjected and rAAV.RPE65-injected *Rpe65*^-/-^eyes at 7 mo post injection (8 mo of age) showed that 5.8 ± 1.9% and 2.7 ± 1.7%, respectively, of the remaining photoreceptors were apoptotic (P \> 0.01, Student\'s t-test, Fig. [5D](#F5){ref-type="fig"}).

![**Comparisons of photoreceptor numbers**Photomicrographs of theouter retina of a 1 mo uninjected *Rpe65*^-/-^mouse (**A**), a 14 mo injected *Rpe65*^-/-^mouse (**B**) and a 14 mo C57BL/6J mouse (**C**). (**D**) Graphical presentation of the mean number of cells per 100 μm length of the outer nuclear layer (ONL) of C57BL/6J (▲), uninjected *Rpe65*^-/-^(◆) and rAAV.RPE65 injected *Rpe65*^-/-^(\') at the various ages shown. All points are calculated from the cell numbers averaged over 3 animals unless indicated (\*n = 1). Arrow indicates time of injection. Scale bar: **A-C**= 20 μm.](1479-0556-2-3-4){#F4}

![**Comparison of apoptotic cells numbers**Photomicrographs of the outer nuclear layer of 8 mo uninjected *Rpe65*^-/-^(**A**), rAAV.RPE65 injected *Rpe65*^-/-^(**B**) and C57BL/6J mice (**C**) stained for apoptotic nuclei (**arrows**). (**D**) Graphical presentation of the percentage of photoreceptor nuclei that are apoptotic in uninjected *Rpe65*^-/-^, rAAV.RPE65-injected *Rpe65*^-/-^and uninjected C57BL/6J mice. Apoptotic and total photoreceptor nuclei were counted along 60 μm lengths of the outer nuclear layer of mice at 7 mo post-injection (8 mo of age). Average total photoreceptor counts: uninjected *Rpe65*^-/-^= 106.8 ± 22.9, rAAV.RPE65 injected *Rpe65*^-/-^= 134 ± 30.3, uninjected C57 = 213.5 ± 3.3. All data are mean ± S.D. Scale bar: **A-C**= 20 μm.](1479-0556-2-3-5){#F5}

Electron microscopy of rAAV.RPE65-injected and uninjected *Rpe65*^-/-^mouse eyes at 20 mo post injection (21 mo of age) revealed the presence of retinyl ester lipid droplets that are characteristic of *Rpe65*^-/-^mice \[[@B7]\]. However, a direct comparison of the RPE in the rAAV.RPE65-injected mice (Fig. [6A](#F6){ref-type="fig"}) with the uninjected, age-matched control (Fig. [6B](#F6){ref-type="fig"}) showed a striking difference between the amounts of lipid inclusions present in these eyes. In contrast, electron microscopy of sections taken from outside the subretinal bleb of rAAV.RPE65-injected eyes showed no difference between the numbers of lipid inclusions when compared to sections from uninjected eyes (data not shown). In addition to the reduction in numbers of lipid droplets, the layer of basal infoldings was also thinner in rAAV.RPE65-injected eyes (Fig. [6A](#F6){ref-type="fig"} and [6B](#F6){ref-type="fig"}).

![**Electron micrograph of injected and uninjected *Rpe65*^-/-^mouse retina**Electron micrograph of the RPE of an rAAV.RPE65-injected *Rpe65*^-/-^mouse at 20 mo post injection (**A**) and an age-matched, uninjected *Rpe65*^-/-^control (21 mo of age; **B**). The injected animal shows an accumulation of retinyl ester lipid droplets in the RPE layer (**small arrows**) that is not as prevalent as that in the uninjected control. The layer of basal infoldings was also thinner in the injected mouse (**large arrows**). Scale bar = 5 μm.](1479-0556-2-3-6){#F6}

Immunostaining using the anti-SWC opsin antibody demonstrated the presence of SWC opsin-positive cells scattered throughout the flatmounted neuroretinas of 8 month old C57BL/6J mice (Fig. [7A](#F7){ref-type="fig"}). The number of SWC opsin-positive cells was significantly lower in uninjected *Rpe65*^-/-^mouse retinas, with only a small number of SWC opsin-positive cells being seen in the neuroretinas of either 3 week (Fig. [7B](#F7){ref-type="fig"}) or 3 month old *Rpe65*^-/-^mice (data not shown). By 8 months of age no SWC opsin-positive cells were visible in the neuroretinas of uninjected *Rpe65*^-/-^mice (Fig. [7C](#F7){ref-type="fig"}). Examination of flatmounted neuroretinas of 8-month-old rAAV.RPE65-injected *Rpe65*^-/-^mice revealed the presence of numerous SWC opsin-positive cells in an area coinciding with the subretinal bleb and, at a higher density, around the injection site (Fig. [7D](#F7){ref-type="fig"}). Counting and analysis of the number of SWC opsin-positive cells in the C57BL/6J control (n = 5), uninjected *Rpe65*^-/-^mice (n = 5) and rAAV.RPE65-injected *Rpe65*^-/-^eyes (n = 5) showed that the reappearance of the SWC opsin-positive cells in rAAV.RPE65-injected *Rpe65*^-/-^mice was significant, reaching up to 50% of that seen in age-matched C57BL/6J mice (Fig. [7E](#F7){ref-type="fig"}).

![**Comparison of short wavelength cone opsin-positive cells**Photomicrographs (×40) of flatmounted neuroretinas stained for SWC opsin in an 8 mo C57BL/6J (**A**), a 3 wk uninjected *Rpe65*^-/-^(**B**), an 8 mo *Rpe65*^-/-^(**C**) and an 8 mo rAAV.RPE65-injected *Rpe65*^-/-^(**D**) mouse. (**E**) Graphical presentation of the mean number of SWC opsin-positive cells per 100 μm^2^calculated for 8 mo C57BL/6J, rAAV.RPE65-injected and uninjected *Rpe65*^-/-^mice.](1479-0556-2-3-7){#F7}

Discussion
==========

We report here the results from our study examining the effects of rAAV-mediated RPE65 expression in the retinas of *Rpe65*^-/-^mice. Subretinal injection with rAAV.RPE65 purified by cesium chloride density gradient resulted in transduction of approximately 30% of the retina and produced long-term, detectable RPE65 protein expression (up to 18 mo post-injection when the experiment was terminated) in the RPE cells within the subretinal bleb of *Rpe65*^-/-^knockout mice. The longevity of this RPE65 expression agrees with previous studies where rAAV.GFP reporter gene constructs gave long-term detectable GFP signals in a variety of animals \[[@B24],[@B29]-[@B32]\]. In agreement with previous rAAV.GFP research, the levels and extent of RPE65 expression from the rAAV.RPE65 injection appeared to decrease at the later time points \[[@B31]\]. At this stage the reason for this decrease in transgene expression is unclear. The reduction of RPE65 expression could be due to the protein not being recognized as self, but this is unlikely as there was no evidence of any infiltrating immune cells in the injected eyes. It could also be due to silencing mechanisms, such as promoter silencing \[[@B33],[@B34]\] or transgene silencing \[[@B35],[@B36]\], or might be due to the lack of integration \[[@B37]\]. Further work would be required to confirm or disprove these suggestions, the conclusions of which are important if rAAV is to be used for mediating long-term transgene expression.

Following subretinal injection the most common sites of transgene expression have been the RPE and photoreceptors cells. The extent and relative ratio of the transduction level in these two cells types tends to vary depending on factors such as the method of virus purification \[[@B31],[@B38]\] and the virus serotype being used \[[@B39]\]. Consistent with results using rAAV.GFP \[[@B31],[@B38]\], the expression of RPE65 following injection with cesium chloride density gradient purified rAAV.RPE65 was only in the RPE cells, with no expression being visible in the photoreceptors. Our laboratory has examined a number of possible contributing factors \[[@B31],[@B38]\], but the precise reason for these differences has yet to be elucidated.

Although rAAV.RPE65 was delivered to an area covering 30% of the *Rpe65*^-/-^mouse retina, pan-retinal ERG responses (responses over the entire retina) were measured. Under this circumstance, the finding of an improved ERG response in rAAV.RPE65-injected *Rpe65*^-/-^mice is of great importance for the future treatment of LCA as it suggests a partial restoration of visual function. The delivery of rAAV.RPE65 to the *Rpe65*^-/-^mouse retinas resulted in improvements in the maximum b-wave amplitude under both scotopic (76% increase above uninjected controls) and photopic (59% increase above uninjected controls) conditions. However, the increase in b-wave magnitude was only seen at the initial early 1--2 mo post-injection time point of the study. The ability of rAAV.RPE65 delivery to *Rpe65*^-/-^mouse retinas to restore visual function, though limited and transient, agrees with the now well established data that rAAV.RPE65 gene therapy in the RPE65 dog model produces an improved visual response \[[@B16],[@B21]-[@B23]\]. Although supporting the RPE65 dog ERG data, in this current study of rAAV.RPE65-injected *Rpe65*^-/-^mice it was difficult to determine the exact nature of the ERG response, and in particular whether it was rod and/or cone driven. In other studies performed on either untreated \[[@B7],[@B13],[@B40]\], 11-*cis*retinal-treated \[[@B41]\] or double mutant (*Rpe65*^-/-^*Rho*^-/-^, *Rpe65*^-/-^*Cnga3*^-/-^) *Rpe65*^-/-^mice \[[@B14]\], ERG responses have been attributed to both rods and cones. In the current work it is not possible to draw definitive conclusions as to whether the improved ERG responses seen is of rod, cone or a combined origin.

One of the interesting observations of this study was that the long-term changes in some retinal cells lasted well beyond measurable functional outcome. Electron microscopy indicated that the levels of lipid inclusions, an indicator of retinyl ester accumulation and halted visual cycle \[[@B7],[@B22]\], was diminished in rAAV.RPE65-injected mice at 20 mo post-injection, suggesting that rAAV.RPE65 is still able to elicit a biological effect at these later time points. The remarkable recovery and long-term immunostaining of SWC-opsin in the functionally important cones suggests that cone function might be recoverable following rAAV.RPE65 gene therapy. However considering that the total number of photoreceptors continues to decrease, the restoration of SWC-opsin immunostaining may not necessarily represent protection against cone degeneration but only demonstrates the recovery of SWC-opsin in cones in the presence of an active visual cycle. Although these results were encouraging, ERG measurements were not able to differentiate between rod and cone function.

The transient improvement in ERG response, the decrease in lipid droplet accumulation and the positive SWC-opsin immunostaining upon rAAV.RPE65 administration were not accompanied by a statistically significant decrease in the rate of photoreceptor degeneration or apoptotic cell death. It appears, therefore, that the delivery of rAAV.RPE65, while being able to induce restarting of the visual cycle and phototransduction in the remaining photoreceptors in *Rpe65*^-/-^mice, was unable to slow or halt the photoreceptor degeneration that afflicts these mice. The finding of improved function without photoreceptor rescue is not unique, as a similar observation has been reported after subretinal injection of an rAAV encoding *Prph2*in a retinal degeneration slow mouse model \[[@B42],[@B43]\]. Vision is maintained through the close and precise interaction between all the retinal cells. For example both in humans and in a transgenic mouse model for retinitis pigmentosa, the degeneration of rod photoreceptors eventually leads to the loss of cone photoreceptors as well \[[@B44]\]. At present one of the limitations of gene therapy is that only cells present within the retinal bleb can be targeted and within this treated region not all RPE cells undergo successful transduction and subsequent RPE65 production. The inability to restore the visual cascade in all RPE cells and hence the failure to restore function to the corresponding photoreceptors may be behind the lack of general photoreceptor rescue. In addition, the level and extent of RPE65 expression resulting from the rAAV.RPE65 injection might have been insufficient to support the survival of a significant number of functional photoreceptor cells. The restricted transduction area of subretinal rAAV injection, as seen from the confinement of transgene expression and reduction of lipid inclusion to RPE cells within the subretinal bleb, highlights the need to maximize both the efficiency of the rAAV construct delivery and the transgene expression *in vivo*. The efficiency of transgene delivery would be particularly important in diseases characterized by pan-retinal degeneration as they would presumably require the rAAV-mediated treatment to be present across the entire retina, ideally in every RPE cell in the retina.

A recent study in the RPE65 dog model, where the volume of virus that can be injected is not tightly restricted as in the small mouse eye, demonstrated that delivering larger volumes, and therefore higher titers of virus, gives a higher degree of functional rescue \[[@B21]\]. It may be, therefore, that the intensity of RPE65 expression is also important along with the size of the area being transduced, especially given the abundance of endogenous RPE65 protein in RPE cells of normal animals \[[@B45]\]. Fortunately rAAV biology, preparation, delivery and expression are being continuously improved \[[@B37],[@B46]-[@B48]\] and no doubt future studies will see these limitations being overcome.

We performed our subretinal rAAV.RPE65 injections on *Rpe65*^-/-^mice immediately after weaning, that is, at 3 weeks of age. At this age there is no histological evidence of photoreceptor degeneration having started in the *Rpe65*^-/-^mice \[[@B7]\]. However, analysis of RPE65 expression during embryogenesis and development has shown that rat RPE65 mRNA expression is detectable at E17 and protein at post natal days 4--5 \[[@B45],[@B49]\]. If RPE65 expression commences so soon as to be visible in embryogenesis it is possible also that, in the absence of RPE65, the deleterious effects of RPE65 loss would also begin at this early stage. In other words, the cascade of events leading to eventual photoreceptor degeneration may be beginning at a much earlier age than our chosen age of injection. Thus, while rAAV.RPE65 expression can have a visual cycle effect within the time scale it is injected, introducing RPE65 expression alone at a later stage is insufficient to halt the photoreceptor degeneration cascade. If this hypothesis is true, the implications for rAAV-mediated gene therapy as a clinical option may be significant, as it may be essential to deliver rAAV.RPE65 at the time when RPE65 expression should be commencing in order to completely compensate for its loss. A recent article by \[[@B20]\] demonstrated that the early addition of 9-*cis*retinal caused a long-term reduction in lipids, and thus indicating that early intervention in LCA disease progression is potentially important. However, the feasibility of this approach from a clinical perspective is unclear. Genotypically, Rpe65 mutations are recessive and thus heterozygous parents may be unaware of their carrier status until they bear an *Rpe65*^-/-^homozygous child. Moreover, there is evidence that photoreceptor degeneration has already commenced before birth in fetuses afflicted with RPE65 mutations \[[@B50]\], suggesting that *in utero*delivery would be needed to fully prevent the effects of the RPE65 absence. In light of this information it is likely that neonatal treatment, even if performed soon after birth, may be only partially successful as a therapeutic option. Perhaps delivery of additional agents, either anti-apoptosis gene therapy \[[@B51],[@B52]\], or oral retinoid supplements \[[@B18],[@B20]\] may be needed to attain full disease prevention.

In conclusion, the data produced from this study demonstrated that subretinal injection of rAAV.RPE65 could produce a limited functional rescue of vision in *Rpe65*^-/-^mice. This functional rescue was seen in the form of an improved, albeit transient, ERG signal and a decreased level of lipid inclusions in treated eyes at later time points. In particular, the latter suggests that once optimized, rAAV may offer a long-term treatment option for LCA patients. Much work is still required, including improving our knowledge of the effects of RPE65 loss and the mechanisms that lead to the photoreceptor degeneration, as well as optimizing the timing, efficiency and specificity of the current rAAV gene technology. Although gene therapy on the *Rpe65*^-/-^mouse model may not have generated as much success as the dog model for LCA \[[@B16],[@B21],[@B22],[@B53]\], the use of the *Rpe65*^-/-^mouse model has its merit in that it could be used in future studies to address how cones and rods are specifically affected by absence of RPE65 and to provide more information on the function of RPE65.
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